This commmunication presents a study of atomic layer deposition of Al 2 O 3 on transition metal dichalcogenide (TMD) two-dimensional films which is crucial for use of these promising materials for electronic applications. Deposition of Al 2 O 3 on pristine chemical vapour deposited MoS 2 and WS 2 crystals is demonstrated. This deposition is dependent on the number of TMD layers as there is no deposition on pristine monolayers. In addition, we show that it is possible to reliably seed the deposition, even on the monolayer, using non-covalent functionalisation with perylene derivatives as anchor unit.
The integration of transition metal dichalcogenides (TMDs) into existing semiconductor technology is of major interest. 1, 2 The synthesis of these materials has been vastly improved over the last few years and many possible devices have been proposed and realised. [3] [4] [5] [6] But to finally achieve their large-scale integration and production, it is necessary to make TMDs fully CMOS processable. One prerequisite for this is the deposition of subsequent layers on top of the TMD for gating and passivation as the performance and stability of TMD based devices hugely depends on their dielectric environment. This task is non-trivial as any impact on the surface of the TMD will result in the destruction of its electronic properties. It has been shown that encapsulation of the 2D material by mechanical deposition of hexagonal boron nitride results in the best preservation of its electronic properties but this approach is not scalable. 7 Other frequently used deposition methods for oxides such as sputtering or plasma-enhanced chemical vapour deposition (PECVD) are not suitable as their application will cause damage to the monolayer.
Atomic layer deposition (ALD) is a mild and highly precise technique for thin film deposition, mainly used for depositing 
This reaction is thermodynamically highly favourable and works over a large range of temperatures with temperatures between 33
• C and 500
• demonstrated, making it very reliable and common in the silicon and III-V semiconductor industries. 10, 11 However, in the initial step the TMA needs a surface hydroxyl group with which it reacts and the lack of such groups on the TMD's basal plane makes starting the deposition non-trivial; a challenge also encountered with graphene. [12] [13] [14] [15] Using ozone instead of water may prove harmful to the oxidation-sensitive TMD layers, though there have been some recent successes. 16 An initial, purely adsorptionbased deposition can be achieved but tends to be dependent on temperature and other factors like underlying electronic structure and is therefore often not entirely reproducible; it has been shown several times that studies may not reproduce results under apparently similar conditions. 12, 17, 18 In this study we used single crystalline layers of MoS 2 and WS 2 grown via chemical vapour deposition (CVD) as previously demonstrated. 19 The ALD on those layers was performed at the relatively low temperature of 80
• C with 27 cycles of TMA and H 2 O using 0.5 second pulses with 20 seconds purge time (60 sccm N 2 ) and should yield ∼3 nm of Al 2 O 3 . Those samples were analysed with atomic force microscopy (AFM) to determine step heights and scanning Raman spectroscopy. Al 2 O 3 as deposited by ALD does not exhibit a Raman signal but both MoS 2 and WS 2 have characteristic peaks in the region from 370 cm −1 to 420 cm −1 . The MoS 2 and WS 2 layers have the characteristic triangular shape and consisted of mostly monolayer except for the flake centre which occasionally exhibited an onset of multilayer growth. This can be seen in the different contrast regions shown in figure 1a. An AFM scan (figure 1b), along with the line scans in figure 1c and d, shows the ideal step height of 0.7 nm per TMD layer. This proved to be very useful as it allowed for side-by-side comparison of Al 2 O 3 ALD on monoand bilayer samples. In figure 2a we present an AFM image of a triangular WS 2 flake on SiO 2 after 3 nm Al 2 O 3 deposition. It is apparent that the triangular flake (dark region) is lower than the surrounding substrate. This becomes better visible in the line profile across the flake as shown in figure 2b. The step height between the flake and substrate is ∼2.3 nm after deposition, perfectly corresponding to the difference of 3nm Al 2 O 3 deposition minus the flake height of 0.7 nm. Thus there is no deposition of Al 2 O 3 on the monolayer. The double-layered centre of the flake increased in height to ∼3.7 nm with respect to the monolayer, perfectly corresponding to 0.7 nm flake height plus 3 nm Al 2 O 3 . At the edge of the monolayer Al 2 O 3 was deposited which we attribute to dangling bonds and defects that are more reactive. This high selectivity in the deposition process was found in both both WS 2 and MoS 2 single crystals grown via CVD. This is to our knowledge the first observation of selective chemical behaviour between mono-and doublelayered or multilayered TMDs. We attribute this selectivity to two factors: Firstly, our films must be extremely clean with no defects in the basal plane as otherwise the ALD would occur at those centres like at the flake edge. As the films came straight out of the oven and there was no transfer, no polymer residue could seed any ALD, something that may be responsible for the inconsistent results in the field so far. Secondly, TMDs undergo a significant change in electronic structure when go- ing from multi-layered structures to single layers. 20, 21 There is a change from indirect bandgap of 1.2 eV and 1.3 eV to a direct bandgap of 1.9 eV and 2 eV for MoS 2 and WS 2 , respectively. 22, 23 Hence the initially adsorption-based ALD may be so heavily influenced by this difference in underlying electronic structure that it is significantly different for monolayers in comparison to bulk. However, theoretical modelling is required to further investigate the underlying mechanism. This selectivity can be a significant advantage: Covering all layers but the monolayer with a dielectric leaves only the material with the direct bandgap exposed. This provides a novel pathway to select monolayer regions and can be used for vertical device fabrication and selective chemistry.
However, deposition of uniform dielectrics on monolayer TMDs is desired for passivation and electronic device fabrication. We therefore explore non-covalent functionalisation of TMD basal planes with molecules that contain −OH and −COOH units which can react with TMA and thereby seed the reaction. 8, 26 Fig . 3 a) Chemical structure of the perylene bisimide used for non-covalent functionalisation and ALD seeding. b) Normalised Raman spectra of the samples at various stages: The SiO 2 spectrum only shows the standard strong peak at 521 cm −1 . Upon functionalisation with perylene bisimide a strong fluorescent background is observed. This remains after ALD. On the TMD the perylene shows several intense peaks in the region of 1300 cm −1 to 1600 cm −1 and around 2700 cm −1 while the MoS 2 has its peaks at ∼400 cm −1 . All these peaks remain after ALD.
We use a perylene-based anchor unit on our TMDs. 27 This perlyene, shown in figure 3a , has a large aromatic core that can non-covalently attach to the TMD and end-groups with hydroxy and carboxyl functionalities. It is similar to molecules that have been employed to seed these depositions on graphene by Alaboson et al with the difference that our molecule has longer end-group chains with carboxylic acid groups. 28 This kind of end-group has been shown to seed Al 2 O 3 ALD from TMA and H 2 O. 29 The perylene adsorbs very strongly on TMDs and is deposited from an aqueous pH7 buffer solution by simple dip-coating. Washing the sample with water after deposition leaves only a thin layer of perylenes on MoS 2 and WS 2 . As can be seen in the AFM scan in figure 2d , ALD on a perylene-covered sample leads to a perfectly homogeneous deposition of Al 2 O 3 on all layers of MoS 2 . The topological cross-section in figure 2e reveals that the step height between MoS 2 flake and SiO 2 substrate is not 0.7 nm any more but around 1.9 nm. The additional height difference of 1.2 nm implies that the perylene adsorbs better on the TMDs than on SiO 2 and that it may be in an upright conformation rather than laying flat.
To investigate the effect of ALD on the TMD we utilised scanning Raman spectroscopy. The Raman spectra of both MoS 2 and WS 2 are very similar, with two peaks closely spaced in the region around 400 cm −1 , shown for MoS 2 in figure 4d. Change in molecular or electronic structure due to Al 2 O 3 deposition should result in an alteration of those signals. 24 The out-of-plane Raman active vibration of MoS 2 at 405-410 cm −1 has previously been shown to shift with layer number and doping 25 . A shift with layer number is expectedly observed as shown in figure 4a but no further shift upon Al 2 O 3 deposition occurs as shown in figure 4b. Hence the electronic structure of the multilayer (coated) and monolayer (uncoated) TMD appears unperturbed upon Al 2 O 3 deposition. Raman mapping of the TMD's "A" peak (figure 4c) shows that the MoS 2 and WS 2 are not damaged by the deposition and retain their characteristics although there is a minor blueshift of ∼1 cm −1 , potentially indicating p-doping. 24, 30 As this is at 1-4 | 3 our spectrometer's resolution limit it will require further investigation. Investigation of the perylene bisimide's Raman spectrum, shown in figure 3b, shows several features. On just SiO 2 it has a very strong fluorescent background and does not show any features. After ALD this fluorescence remains, indicating the continued presence of the perylene. On TMDs it shows several peaks in the regions around 1500 cm −1 and 2700 cm −1 which remain after ALD, confirming its presence at all stages. This makes the interpretation of the 1.9 nm step height from figure 2e difficult and indicates different molecular orientations on SiO 2 and MoS 2 .
In summary, we demonstrated that there exists selective chemistry of monolayer TMD surfaces over their multilayer counterparts. We have shown that this can lead to the selective deposition of Al 2 O 3 which is essentially a method to selectively mask all areas but monolayer of MoS 2 and WS 2 . This will hopefully lead to a whole variety of layer number selective chemistry in future. Furthermore we demonstrated that an easily accessible, non-covalent functionalisation with perylene derivatives allows for reliable ALD of Al 2 O 3 on monolayer TMDs without damage to their electronic integrity as observed by Raman spectroscopy. These findings are an important step forward toward integration of TMDs in real devices.
